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SUMMARY

The boundary layer along the walls of & shock tube induces pressure
end velocity gradients within the core of potential flow. These nonuni-
formities are evaluated herein for shock tubes in which the boundary
layer is thin relative to the tube diasmeter and is either wholly laminar
or wholly turbulent. The hot gas region between the shock wave and the
contact surface is considered. Both the axisl distributions et any in-
stant and the temporsl distributions at any axial position within this
region are found. Numerical computations are presented for an air-sir
shock tube.

INTRODUCTTON

The analysis of reference 1 obtains the flow perturbabtions, due to
unsteady-bommdary-layer action, immediately behind the shock wave in &
shock tube. In this report the method will be extended to find the flow
perturbations in the enmtire region between the shock wave and the con-
tact surface. These perturbations are of interest when experimental
shock-tube data are analyzed. As In the previous work, the assumptions
are made that the boundary-layer action is equivalent to a one-
dimensional distribution of mass sources and that the expansion wave has
zero thickness. Numerical results are obtained for an air-sir shock
tube for which the initial temperature throughout the tube is 520° R,
the wall boundary lsyer is either wholly laminar or wholly turbulent,
and the shock-tube wall remains at a temperature of 520° R. The spatisl
and temporal veriations in the hot gas region are presented graphically.

A theoretical study of the perturbstions in the hot gas region be-
tween the shock snd the contact surface is reported in reference 2. The
limitations of the method of reference 2 are discussed in reference 1.
A comparison of some of the results of reference 2 with those of the
present report is made in the body of this report. It might also be
noted that the method of reference 2 is also applied in reference 3 to
estimate the perturbations in the expansion fen of a shock tube.
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ANATYSTS
Perturbations

In the following anslysis, familiarity with reference 1 is assumed.
The region between the shock wave and the contact surface is considered.
The perturbation at an arbitrary point in this region (point a(x,t) in
fig. 1) is found by summing the pressure impulses which arrive at that
point from both the left and the right. This summation requires an in-
tegration along all those characteristics influencing point d.(x,t). The
characteristic lines considered herein sre indicated in figure 1. Ex-
pressions for these characteristic lines are given by the following equea-
tions in terms of §,7. The equations for uy7 - §, included therein,

will be useful in later developments in this report. (Symbols are defined
in appendix A.)

Charscteristic lines:

bd x - &= (ag +u,)(t - 1) )
Lv ey -2 > (e
uB'r—§=(x-§)——l—-W+ust-x}
ab t, - & = (az + ug)(m - 7)
R R i R & -
a4 = Y 1+ M,
be g~ & = (ap - wp)(y - 7) 3
b} ’ (1c)
1-M+3
us'r'§=(§c'§)—1_-'T2"—2
y,
ba _EE'§=(8‘2+“2)(TE'T) b
1+, -8 > (1a)
ugt - &= (4 - 8) TR &

T

- 9827
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ab & - &= (ag + uz)( - 1) )

1+M +a ) (1e)
a, T+ k= (€ - &) 2 45

4 1+ Mg )

be ¢ - & = (a5 - wp)(w - 1) "
1-Mz+E > (1)

uST-§=(?E-§)'?M2'— )

ad g€ -x=(ay - w)(t - 1) )
: )1-M2+-§';- & (1g)

uST-§= X - E ———_————+us'b—x

1-M P

Following the method of reference 1, the contribution to the pres-
sure perturbation at point @ in region 2 (hot gas) from waves arriving
from the left is

27 5D * 2y e
AP;,G.= azdzl-:::Mz ‘. vo dE + C azzzl%Mz b vy 4§ +
p X3Pz 1 . v dE
azd 1+ M ;. 3
= I'l'j'd + CL  + DI';':D (2)

The integrand is, in each case, the vertical velocity at the edge of the
boundary layer. Coefficients C and D are, respectively, the reflec-
tion coefficient and the transmission coefficient at the interface between
regions 2 snd 3. They are derived in reference 1, appendix C, and equal:

\
oo Y3eogs - 1
Tagfps + 1

2

De—2
Taglas + 1

s
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The waves arriving at point 4 from the right contribute a pressure
perturbation

£3 )
- @rgpa 1 2rgPp 1
2,4% ad I-14 vz T E ST T . vy 4f +
ts £
o PR 2rsbs 1
5,0 1 - W . vz B+ T TN, Vs At
P o +
=Ida.+EI%a-+ECIEE.+EDIE5- (4)

The reflection coefficient E &t the shock is defined in reference 1,
gppendix C, as

2p a — - ]
12712 Mg
1+

E = (5)
Mg +1

2p a —
12712 Mg
1+

The contributions to Ap; a and /_\pé a from waves reflected st points
-— 2 2
¢ and ¢ are shown to be negligible in reference 1.

The limits of the integrals in equations (2) and (4) are the end

points of the characteristic line segments (egs. (1)). They may be
evaluated in terms of the coordinates x,t at point 4 as follows:

agzx - (1 + Mplagt )

8 §a= l+M5+a45
& 6a
(1+M2)t-fé- (62)
Tg = T+ Mg + a9 P

982%
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b 5b=(l+M2)u2t‘sz}

(6p)
'\:b=(l+M2)t-£2-
) §=(1+M2)ust-(-:—:)x\
l-M2+%
; (6c)
1+ M)t - X
T = 32
¢ l-M2+;:‘ J
_% :|_.|.L,fz..-u-—S \
: T T e ([0 - e
l-MZ-{-afz'
a ? (6d)
1+M2--—s-
1 a2 X
— = (L-M)+=
a 1+ Mg+ aysz ) E‘;[ a;J
1 Mz+a2 )
Ug
1+My - N\
) = j:El-Mz)uzt+M2x]
l_M‘Z+a_2
i > (se)
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l+M2--E§
e 6 - o2 . l:(l-Mz)ust +(;§-)%
UYs
1-M2+'g£)
4 > (e2)
Loy - g
1—M2+'I;:§ J
(1 - My)ugt +(;-Z)x\
d By = -
l—M2+—E
. ’ (6g)
ta=(l-M2)t+Ez—
Ug
RN

The vertical veloclity at the edge of the boundsry layer is ex-
pressed in reference 1, gppendixes D and E, as

E.é 1-n, ]
Ug V2 2
vy = -Lg = TR (region 2)
5
. y (1)
_ a4 V3
Vg = L3 Uz Q?T—E (region 3)
1+ —= - J
84

The two coefficients L2 end Lz are evalvated in reference 1 for both
wholly laminer snd vholly turbulent boundery layers. The indices =no
and nz are 1/2 for leminer boundary layers and 1/5 for turbulent

boundary layers.

QR2%
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6) and (7) leads to the following values of

The use of equations E
2):

the integrals in equation

b
pz n2 1 ]:12 1
~2r pPolg (az) 0 ap e 1-0,
RICLEREE Y . Ug 1+ m) & - 55 (u %) (8b)
&5
- _ 8Py 1
ad ~ a,d 1 -M, Ve 48
X
n
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- q(T-nz) T+ M, + a3 u, ~ ugt
- (sfr)
2rspPs 1 °
+ =
5 = asd 1 + Mg vz df
=
n 1-1’15
V3 3 l"n3 l-n5 u
_ Zrapsly (EE) 05)  (eas) 1 - 2 5
T AT - nz) 1+ M, +a u
3 My + 843 L, + EE
:I.-n.‘-?> 1 a
8.2 x _n3
(1-M) o + 'us—t] (ugt) (8g)

Under the assumpbtions that the boundary layer is wholly laminar or
wholly turbulent (nz = Dz = n), the two pressure disturbances become

anox
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1-
_lAPJé,d(d) n(azd)n 1-n
P2 u b v 1-n
° 27 orm,08)
DrgoLsa(Vag) © 1=
_ 1 c 323247327 ~23 &2  x
TR T L E ik e TR RS
+ -— - + =
R M2t e,
l-n
1 - X
1 1“"‘s-b (9a)
Ug\ Us
L+M, - —=\=— -
and 3
- l-n n 1 - —
_lAPZEd(_d_) (azd) 1-n  _ 1 st
D u t v 1-n ugl ug
2 s 2/ oy 1, 02) 1-M2+a—: s M
“agy
. 1 . c _ Draglsp(vsp) 2ps|
g L+ Mg +oag
1My - 1-Mp g _'
ul—n
1+M, -— -
R B TR T (s)
- ¥ us+ust
1-M,+5
&2

The complete pressure and veloclty perturbations at point 4 are
obtained from equation (9) according to

_ Aot -
Moy q = %3 4% a (10a)

1 i}
M2, = Bae, (Apg,a - &5 4) (100)
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Other perturbation quantities, such as temperature and density, can be
found by the methods indicated in appendix B.

The exilel distributions of the perturbations Apz a and Au2 a at

any Instant of time are presented In figures 2 and 3 for several nominal
shock numbers. An air-sir shock tube with T = ‘I'4 520° R and wholly

laminaxr or wholly turbulent boundary layers is considered. The wall tem-
persture is assumed to remain constant et 520° R at all times. The ratio
of specific heats y and the Prandtl number were taken as 1.4 and 0.70,
respectively. In each cage the curve is normalized to the value Apz o

(or fug ), which is the vealue of the perturbation immedistely behind

‘the shock wave at the instant of time under consideration. In using the
plots of Apz d/APZ o’ for example, the numerical value of Apz o Ay

be obtained from equations (9) and (10a) eveluated at x = ugt. A non-
dimensional plot of Apz o is given in reference 1 for apn air-sir shock
)

tube and is reproduced here for convenience in figure 4. If an experi-
mentel observation of shock attenustion is made, Agpz o can be determined

2
directly from the experimental data (see , €.g., appendix B). Then fig-
ure 2 should yield accurate estimates of the axial variation of pressure
between the shock and the contact surfaece at the fixed instant of time.

If equations (9a) and (9b) are multiplied by (ust/x)l'n, they are
brought into & form which gives the varigtion, with time, of the pertur-
bations at & fixed axial station x (appendix B). This form is of in-
terest when aerodynamic measurements are made at a fixed station 1n the
shock tube. Numerical results are presented in figures 5 and 6 (for the
air-sir shock tube described in comnection with figs. 2 and 3}. The
gbscigsa 1s the dimensionless time measured from the passage of the shock
past the fixed station under consideration. The curves terminate at that
time at which the contact surface passes the station. Im figures 5 and
6, APZ, o 1s the pressure perturbation directly behind the shock at the

ingtant it passed the fixed station being considered. The numerical
value of Apz, o can agein be determined by the methods described in

appendix B.

Typical results of the present amalysis are compasred with those of
reference 2 in figure 7. The temporal varistion of pressure at a fixed
station in an air-air shock tube is shown therein. The temperstures are
EIJ':L =TI, = 520° R; the axial position is 8 feet and the hydraulic diameter

= 1/7. The solid curves are based on equations (9). The dashed
curves are from figure 8 of reference 2. Tt is seen that, for the range
of Mach numbers considered, the method of reference 2 predicts a greater -
inerement of the perturbation pressure in the hot gas than does the
present method. For example, consider conditions at the contact surface

982F
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for py, = 3.4. The ratio Ap, d/Apz o equals -0.2 by the method of
J 2

reference 2 and equals 0.2 by the present method. This represents a
discrepancy of sbout 40 percent in the perturbation quantity Apz,d/Apz, o-

The limitations of the method of reference 2 asre discussed in reference 1.

Weak Shocks

If the same gas is used in regions 1 and 4 (y; =71,) at the seme
initial temperature (Tl = T,), and if the boundary layers are wholly
turbulent or wholly lsminar (ng = nz}, then, for weak shocks (M = 1,
M2 << 1) the pressure and velocity perturbations may be found in terms
of the single parameter Ms.

By using the relstion
Do
5—1 =1+ TMZ + O(Mg)

which mey be obtained from the ideal shock-tube relations (as given,
e.g., in gppendix G of ref. 1), the transmission and reflection coeffi~
cients are found to be

c=Léle+o(M§)

D=1-L=u, + o)

Also,
l+M2-::§=I-4lle+0(M§)

L32 = V32 = 8.52 =1 +0(M'2)
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By neglecting higher-order terms in My, equations (9a) end {9b) become,

respectively,
( a)l'n(azd)n 1-n “%a
L 1-
Y 2] gL,y P2
l-n
1- _x"E 1-n
_ 4 Us r+1 + 1 x\
T I\, et '(l'__a_—'M‘a)(l"'LrMZ"{‘E)
% 5
(11a)
% 1-n
1- - 1 - ==
( d.) jiazd)n 1-n P2a 1 ug® (110)
u_t v 1- -T2 1
st/ \"2 ) a0y P2 L-E

valid for M, < xfust < 1. (The point x/ut = M, corresponds to the
contact surface.) Egquations (11) follow from equations (8) by neglect-
ing the term containing C in equation (9a) and the terms containing B
in equation (9b). The pressure and velocity perturbations in region 2
(eqs. (10a) and (b), respectively) are now found to be

l-n 1l-n 1 - = 1-n
3.4 _ 4 (} fEEly __45;) i ugh
APZ,O {r + DMZ 4 u t 1. X Z 1 M,
(12a)
1-n 1. X l~-n
w,, OoEER)ee TP o) - (TR T
” Shukan: keSS

The limiting forms (12a) and (12b) are shown in figures 8 and 9,
respectively, for three values of M2 The accuracy of the limiting

forms is indicated by comparison with the dashed curves, which were ob-
tained from equations (9) and (10) for M, = 0.2 (Mg = 1.1328). The

corresponding time plots are shown in figures 10 snd 11. They are ob-
tained as the products of equations (12) and (ust/x)l-n.

. 982%
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DISCUSSION QF RESULTS

The numerical results of the present analysis are presented in
graphic form in figures 2 to 11. The normalized ratios Apz d/Apz °

and Au, d/Auz o &re used therein. It should be kept in mJ_nd tha.t
2
Apz . a.nd Auz o &re negatlve in all cases so that when these normal-

ized ratios are pos:LtJ.ve or negative, the numerstor is negative or posi-
tive, respectively. The ratios Apz Apz o

and Auz d/Auz o are less when va.rlatlons

with x &t a fixed. t are considered than
when variations with + at a fixed x (ex-
cept at x/u t = 1) are considered, since

Apz o &rnd Auz o &re larger for the former

‘tha.n for the latter (see sketch). The re-
sults for wholly laminar boundsry lsyers ex-
hibit the same trends as those for wholly
turbulent boundary layers, although the individusl perturbations are less
for the laminar case {ref. 1). Hence, only the trends of the turbulent
boundary-~layer results will be discussed herein.

For weak shocks the ratio Zp, d/APZ o varies from 1 at the shock

to nearly zero at the contact surface (figs 8(b) and 10(b)). Thus,
the pressure near the contact surface remains nearly at the ideal (i.e.,
no-attenuation) value. The ratio Au, ./Au, . veries from 1 at the

2 2

shock to & substantial negative value at the contact surface (figs. S(b)
and 11(b)). Thus the velocity perturbation at the contact surface is

© positive and the contact surface 'speeds up" because of the wall boundary

layer. This is observed experimentally in reference 4.

With incresses in shock strength, the value of ZJpy d/APZ o at the

contact surface also incresses (figs. 2{b) and 5(b)) so that & consider-
able pressure decrement exists at the contact surface. For strong shocks
(Mg = 0(6)) the pressure perturbation at the contact surface is of the
game order of magnitude as that behind the shock so that the pressure is
fairly uniform in region 2. This result is in qualitative agreement with
the wnpublished experimental measurements of J. J. Jones of the Langley
laboratory, in which a relatively constant pressure region directly be-
hind the shock is noted. With increase of Mg, the value of Auz d/Auz o
at the contact surface ultimstely increases to a value of about O for

M; = 6 (figs. 3(b) and 6(b)). Thus for My = 6 the contact surface
moves at approximately the ideal value. However, since the shock speed
is lower than idesl, due to asttenuation, the speed of the contact surface
relative to the shock is grester than that predicted by ideal shock-tube
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theory. This effect tends to reduce the available test time when ex-
periments are conducted at a fixed station in a shock tube. Moreover,
this results in & substantial veriation of velocity in region 2 despite
the fact that the pressure variastion is relatively small.

The previously noted results can be explained on the following
physical grounds. The boundary layer in region 3 generates longitudinal
compression waves while that in region 2 generates expansion waves (ref.
1). The net effect of these waves is to attenuate the shock as described
in reference 1. The shock attenuation defines the perturbations at one
1limit (x/ugt = 1) of region 2. The variation of fluid properties between

the shock and the contact surface can then be estimsted (approx.) by con-
slderation of conditions near the contact surface (x/uBt = uzfuB .

For weask shocks the perturbations near the contact surface are
mainly due to the characteristic lines ab end 34 (see skebtch). The in~
tegration along line sb contributes, at
t point 4, a compression wave moving in the
A +x-direction. The integration along line
dd contributes an expsnsion wave moving in
the -x-direé¢tion. For ar air-air shock
tube with small initlal pressure ratio,
these pressure waves are gpproximately of
equal and opposite strength so that the
regsure perturbations cencel each other
feq. (10a)) while the corresponding veloe-
ity perturbations sre additive (eq. (10b)).
Thus for weak shocks the pressure pertur-
bation is essentislly zero at the contact surface while the velocity
perturbation hes a substentlal positive value. Other perturbation quan-
tities can be readily found by using appendix B.

Region 3 | dRegion 2

-

Now, congider the case of en air-air shock tube with a very high
initial pressure ratio so that the shock strength is large. It can be
shown that region 3 (i.e., characteristic line ab) makes only a small

£ contribution to the pertur-
* bations at points near the
contaet surface. This is
/ primerily due to the fact
that the transmission coeffi-
cient D at point b (i.e.,

_ oAt +

D= Apz,b/@s,b is the ra-
tio of the wave transmitted
into region 2 to the inei-
dent wave arriving from

region 3) approaches zero
for the strong-shock case.

Region 3

982¥
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Thus the major contribution to the perturbations is due to characteristic
lines 43 and ¢b. The integrations of Vo along lines dd and cb are very

nearly equal when point d is near the conbact surface. However, the con-

tribution of line c¢b to point @ is found by multiplying the integral

along line cb by the reflection coefficient C (i.e., C = Apf ,/0p; , is
2 J

the ratio of the reflected to the incident wave, in region 2, at polnt
b). But C approaches 1 for strong shocks so that the pressure pertur-
bation at point 4, due to line cb, is very nearly equal to that due to
1ine 44. However, since the contribution of 1line cb is a wave moving
in the +x-direction (due to reflection at point b) while line dd combri-
butes an approximately equal pressure wave moving in the -x-direction,
the pressures are additive, but the resulting velocity perturbation is
nearly zero. As s result the pressure decrement at the contact surface
is of the same order as that behind the shock, but the velocity of the
contact surface remsins &t essentially the idea.l value. (The latter
result could also be deduced by noting that the acoustic lmpedance ratio
psasfpzaz = 'r3a2/r2a3 is very high so that the contact surface tends to

be a constant-velocity interfece and at the pressure imposed by region 2.)

The perturbations at a fixed station x for the case of & strong
shock is discussed further in appendix B. It is noted therein thsat,
during the time interval between passage of the shock and passage of the
contact surface, APz,d/APZ,o remains at about 1, Auz,d/Auz,o varies
bp P AT P
2,8 "2 varies from O to }-;l—, _TZ_,_G_. 2

varies from 1l
P2 20 17 Tz fppo

Y P r1-1
to 1 , and % EZ—_ varies from O to - -—;’-Y_—— In interpret-
T1 M, 2,0 1

ing these results, it should be noted that Apz o and Au2 o are neg-
2 2

ative. Thus, there is only a slight increase in Mz,d: and APz,d, re-

mains essentislly consbant, during the course of an experiment employing
an air-sir shock tube at large pressure ratios.

CONCLUDING REMARKS

The calculations which have been made herein are of use in several
kinds of shock-tube studies. DProbsbly, the most important application
is the prediction of the varistion of free-stream conditions at a sta-
tionary model (or instrument) utilizing the hot gss region of a shock
tube. If the shock tube is to be used for the study of boundary-layer
stability or dissociation effects on the development of the boundary
layer behind the shock, then the nonuniformities derived herein sre also
of interest.
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The limitations of the present method are the same as those dis-
cussed in reference 1. The use of & zZero-thickness expansion wave is
valld for small pressure ratios but becomes in error for large pressure
ratios.  However, for very large pressure ratios the contributions of
region 3 (to conditions in region 2) are negligible due to the acoustic-
impedance mismatch at the contact surface. Hence, it is only for inter-
mediste shock strengthe that the use of a zero-thickness expansion wave
is likely to inmtroduce errors. The assumption that the boundary layer
generstes only longitudinal waves introduces a steep gradient of the
perturbation quantities directly behind the shock (e.g., fig. 2). (This
is due both to the singular nature of the boundary lsyer and to the
assumption of one-dimensional flow within the potential-flow core.) The

gradient is steeper for the laminar case (when vo hes a %—order singu-
larity direetly behind the shock) than for the turbulent case (where Vo

hes a ls'-order singu.‘larity). If the three-dimensional nstbture of the flow
is teken into account, the steep gradient behind the shock would be ex-
pected to be somewhat modified. In experimental studies of the relax-
ation effects associgted with strong shocks, it may be necessary to dis-
tinguish between the perturbations due to relaxation effects and those

due to the wave system inbtroduced by the wall boundary layer.

Lewls Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 12, 1957

121375 4
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APPENDIX A

SYMBOIS
speed of sound
reflection coefficient at interface, eq. (3)
specific heat at constant volume
transmission coefficlent at interface, eq. (3)
hydraulic diameter, £t
reflection coefficient at shock, eq. (5)
eq. (7); ref. 1, appendixes D and E
Msch number of flow relative to wall
Mach number of shock wave reletive to wall
eg. (7); ref. 1, appendixes D and E
pressure
temperature, °R
time, sec
velocity of shock wave relative to wall
velocity in region 2 relative to wall
vertical veloclity at edge of boundary layer
longitudinal distance from disphragm

ratio of specific heats

perturbation from ideal (no attenuation) shock-tube flow

kinematic viscosity
integration variable representing x

mass density
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T integration varisble representing t

a,Dyees
gy points on characteristic lines (fig. 1); point d is an axbitrary

LI point in region 2
Subscripts:
a, ,l.'
r points in x,t diagram (fig. 1); subscript 2,d refers to
M arbitrary point in region 2
o condition at shock wave; subscript 2,0 refers to conditions in
reglon 2 directly behind shock
W wall

1,2,3,4 regions of shock tube (fig. 1)
Superscripts:

+,- agssociated with waves moving in + or - x-direction,
respectively

Special notation:

8z = a4/355 L52 = LS/LZ;.'. two successive integer subscripts, not
separated by a comma, represent a ratio

982¥%
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APPENDIX B

PERTURBATIONS IN REGION 2

Useful expressions relating the perturbation guantities in region
2 are derived herein. The perturbations represent the departure from
the ideal conditions that would exist in region 2 if the well boundary
layer were not present. A perfect gas is assumed so that Y2 =771-

Perturbations Directly Behind Shock

Under ideal conditions, regions 1 and 2 are related by the normsl-
shock relations

Ez__ZTlMS'(Tl‘l)\

P1 T +1

o2 ME -1

R p (52)
_9_2_ (Tl'l'l)Mg

P1 (Tl-l)Mg+2J

where M, is the shock Mach number. If the shock is perturbed, con-

ditions directly behind the shock (designated by subscript 2,0) can be
expressed as
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22,0 _ 4y Ay )
Pz - -1

AMg - 2y My - (Yl - 1) APZ)O

Mg o _ ZrlMg - (ry - 1) Mg + 1 8py 6
U2 41'1M§ Mg -1 P2

(82)

82,0 _ 2r - by - 1) 2oy
P2 ey - g + 2] F2 }

2o
= —222 _ 2,0 (goustion of state)
Ty Py P2

ABZLO - Ap2,0 _ ‘5"2,0
ey | By ' Pp
2
- (ry - l)(Mg - l) D3 o
ME[(ry - 102 + 2] P2

where Asz o 18 the entropy perturbation.
2

Entropy Veristlon in Region 2

The entropy is constant for a given particle in region 2, the value
depending on the strength of the shock at the instant the particle passed

through it. A particle at x,t in
region 2 passed through the shock

/Contact surface at xA,tA where

% ? (83)

9827
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The entropy of a particle at x,t 1s then given by

fsp,a (rp - 1)0E - 1)% fapy

= (B4)
Cy MELGr, - 12 + 2] \ P2 %yt

For week shocks, equation (B4) is.of the order of (M, - 1)° end the en-

tropy variations are negligible. The entropy perturbations do not in-
teract with the longitudinel pressure waves, to the order of the present
analysis, so that each can be consldered separately.

Parametric Form of Perturbation Solutions

For wholly laminar boundary layers (n = 1/2) or wholly turbulent
boundary layers (n = 1/5) throughout the sghock tube, the local pertur-
bation of any quantity in region 2 (designated by A( ), 4) cen be ex-
pressed in the forms !

Al dpa _ f(_x_ }
(ust)l‘n ust)
(B5)
A( )2,6‘. %

el )

n /
t
where X ) = (Es;_) f(—x—) The form of equation (B5) ean be de-

ust = x ust
duced from equations (9). The funetion f(ﬁ) can be interpreted as
s
the variation with x at & fixed time + while the function g(_u:t) can

be interpreted as the variation with t &t a fixed x. Both forms are
used in figures 2 to 11. When desling with perturbations normalized to
conditions directly behind the shock (i.e., A( )2, a/A( )2’ o) multipli-

cation by (ust/x)l'n converts a solution for fixed + to a solution
for fixed x.

ust Ug
Perturbations at Fixed x for Times 1< —x—< TJ.E

Let subscript 2,0 be considered to represent the perturbation
directly behind the shock at the instant it passes a fixed station x
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and let subscript 2,4 represent the
perturbgtion st the station at a sub-
sequent time. Conditions directly
behind the shock can be found by (a)
experimental determiration of AM,

or APz,o/Pz and equation (B2) or
(b) amalytical determination of
APZ,O/PZ from equations (9) (or fig.

4 for en ajr-air shock tube) and (B2).
The subsequent perturbatlons can then
be expressed as indicated in the fol-
lowing section.

The entropy perturbatidn mey be written in the form

rp - 1)0E - 1%L - x &

-1

1
Ugt up
(B6)

cy 4P o - Mg[(‘rl - l)Mg + 2] Us

- —

Yg

which is obtained from equations (B4), (B5), and (B3) by noting

(Apz’o)
APZ o

2

X

£p, by (XA

w.t l-n
1-n s° T2

1 - — s

Yy

1 - =

Other perturbations of interest are

(B72)

(B7p)

(B7c)
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AMz,q P2 _%2,a Pp +2(Auz,o Pg )ﬂlz,d (B72)

d2 &2.0 P2 MPp o Uz App of up o

= _ .2
vhere M, = wp/e; and qp = ppup/2. The ratios Ap, g/Apy o and
Auz,d/Auz’o are found from equations (9) and (10) or from figures such

b
as 5 and 6. The ratio ——L-Auz ° Apz can be found from equation (B2).
b 2,0
It is of interest to investigate the nature of the perturbations

(ry - 15
for very strong shocks. Assuming Mg >>1 and — s

tions (B2) show

>> 1, equa-

Sipo P2 Ay o P2 D30 P 1\

2 =
Uz Ao o Ty Aoy g cy P30 &

(B8)

- '0
P2 P2 o M2 &p2,0 P,

which defines the perturbations directly behind the shock. The subse-

quent time variation of the perturbetion can then be estimated by con-
ut u

gildering conditions &t the comtact surfsce, = = i. For en air-air

X

shock tube and M, = 0(6), figures 5 and 6 indicate that at the contact
surface

Au M)
2,4 .o

Mz,0

2,4 _
AP2,0

> (89)

1

J
Equations (BS) probebly are applicsble for other driver geses provided
Ms is sufficiently large (in order o mske p3a3fpza2 la.rge) s0 that

region 3 has only a small effect om region 2. (See section titled
Discussion of Results.) By use of equations (B9), the other perturba-

tions at the contact surface are
. foza P2 Y1 ATz, P2 B ABg P2
1l ey Mo T1-1 T My, 7T1-1 My App,

= 1 (B10)
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Thus, during the time interval between passage of the shock and pessage
&3 4 Lug g
Apz remgins at about 1, varies from 1
o)
J

ATy g Pp ©0°
varies from O to l/‘rl, T"— ——— wvaries from 1 to
2 Ap2,0

of the contact surface,
Lo P
2,4 ‘2

to O
’ P2 APz ,0
. -1 P rv1-1
-l—-—, and % ZZ—- veries from O to - <

T1 e 2r,
these results, recall thsat Apz,o and mz,o are negative. It 1is seen
that there is only a slight increase in AM, 4 during the course of an
experiment. ?

In interpreting

u
Perturbations at Time t for x in Range —26 X <1
Ug ust
r When the variations with
/ x at a fixed time t are con-
gidered, subscript 2,0 repre-
/ 2.4 sents conditions directly be-
t e - hind the shock at a fixed time
/ »0 under considerstion. The per-
turbation equations have the
/ same form as in the previous
- section except for Asz,d/cv,
u, X which is now written
. ug®
)
us l-n
X
2 —— ato Po—
sy Py (ry - 1)0E - 1)? [uE TGy
—= o =3 (B11)
v 20 ME(ry -1ME+2]\ ;U2
u
]
which follows from
l-n
(Apz,o) £ 1-n -—x'b - 12-
Xp,ty ( _é) uwt oy
T\t
APZ ;0 1 - _u_Z_
u

8

This modificetion is in agreement with the discussion associated with
equation (B5), which indicates that a solution for a fixed x can be
converted to s solubion for a fixed t by multiplying the former by

l-n
= .

.
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turbations at point d(x,t) behind shock.
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